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Abstract
Purpose: A trace element supplementation strategy previously shown to be effective in mesophilic conditions was tested for thermophilic digestion of source segregated domestic food waste.
Method: Inoculum from a mesophilic anaerobic digester treating municipal wastewater biosolids was successfully acclimated to thermophilic temperature (55 o C) with food waste as a substrate. Four laboratory-scale digesters were maintained at a loading of 2 g VS l -1 day -1 with one pair receiving trace elements (TE) supplementation. Two more pairs of digesters were incrementally loaded to 3 and 4 g VS l -1 day -1 , respectively, and also received TE.
Results: All digesters performed well for the first 3-4 months of operation, but volatile fatty acid (VFA) concentrations in those without TE showed no recovery from an initial small accumulation. On continued operation, VFA concentrations increased in all digesters, especially those at higher loading rates or without TE supplementation, reaching >30 g l -1 .
Introduction
Anaerobic digestion is the degradation of organic material in the absence of oxygen to produce biogas (a mixture of methane, carbon dioxide and trace amounts of other gases), and a residual stabilised digestate. The process is becoming a popular technology because of its ability to produce renewable energy from a wide variety of organic wastes from municipal, agricultural and industrial sources, while allowing nutrient recovery through application of the digestate to land. The European Landfill directive (99/31/EC), which requires the diversion of biodegradable municipal waste from landfill, has led to a growing number of schemes for the collection of source segregated food waste from domestic and commercial
properties. Early digestion trials with this material, however, showed accumulation of volatile fatty acids (VFA) over extended run times in both mesophilic and thermophilic digestion systems [1] . Similar observations were made in a full-scale thermophilic digester treating source segregated restaurant and catering waste [2] , and in the UK Government's food waste demonstration AD plant in Ludlow, UK [3] ; and have also been demonstrated in laboratoryscale digesters [4, 5] .
Source segregated domestic food waste is not the only food industry substrate that can lead to VFA accumulation: this has also been observed with coffee waste [6] ; pet food [7] ; and by a number of authors with different types of slaughterhouse wastes [8] [9] [10] . VFA accumulation in the digester is believed to be caused by high ammonia concentrations, with toxic levels being variously reported e.g. as (mg N l -1 ) 2,000 [11] ; >3,000 [12] ; 4,000 [13] and 5,000 [14] . It is also recognised that higher temperatures lead to more severe ammonia toxicity at the same pH [15] , and that the toxicity threshold is lower for acetoclastic than for hydrogenotrophic methanogens [14, 15] .
It has been shown that in mesophilic conditions accumulation of VFA can be prevented by supplementing with selected trace elements [17] [18] [19] [20] . Mesophilic food waste digesters supplemented with trace elements have been shown to operate with good gas production and low VFA concentrations at ammonia concentrations in excess of 6000 mg l -1 , but with a purely hydrogenotrophic methanogenic population; and a mechanism by which trace element addition can prevent VFA accumulation at high ammonia concentrations has been put forward [18] . Selenium, which is present only in low concentrations in food waste, has been shown to be essential in preventing propionic acid accumulation by providing the co-enzymes necessary for the reduction of formate, one of the metabolic products of propionate degradation. At higher organic loading rates (OLR) additional cobalt is also required. This is thought to be necessary as in these high ammonia conditions all of the organic carbon is converted to carbon dioxide through syntrophic acetate oxidation by the reverse WoodsLjungdahl pathway; in conjunction with the reduction of carbon dioxide to methane by the hydrogenotrophic route, this leads to an increase in co-enzyme demand. Where formate oxidation does not occur there is an accumulation of propionic acid and other longer-chain VFAs, leading eventually to a fall in pH and cessation of methanogenesis [18] .
The current study investigated the extent to which a trace element addition strategy successfully applied in mesophilic conditions could prevent VFA accumulation in thermophilic digesters operating on source segregated food waste, in conditions of increasing ammonia concentration resulting from the addition of this nitrogen-rich feedstock. Digesters. The eight digesters used each had a 5-litre capacity with a 4-litre working volume, and were constructed of PVC tube with gas-tight top and bottom plates. The top plates were fitted with a gas outlet, a feed port sealed with a rubber bung, and a draught tube liquid seal through which an asymmetric bar stirrer was inserted with a 40 rpm motor mounted directly on the top plate. Digestate temperature was controlled at 55 o C by circulating water from a thermostatically-controlled bath through a heating coil around the digesters, with occasional manual checking of digester temperatures. Biogas was measured using tipping-bucket gas counters with continuous data logging [21] , and reported gas volumes are corrected to Analytical Methods. Total solids (TS) and volatile solids (VS) were measured using standard method 2540 G [22] . pH was measured with a combination glass electrode calibrated in buffers at pH 4, 7 and 9. Chemical oxygen demand (COD) was determined by adapting the closed reflux titrimetric standard method 5220 C [22] . Alkalinity was measured by titration with 0.25N H 2 SO 4 to endpoints of pH 5.75 and 4.3, allowing calculation of total (TA), partial (PA) and intermediate alkalinity (IA) [23] . Total Kjeldahl Nitrogen (TKN) was determined using a Kjeltech block digester with total ammonia nitrogen measured by steam distillation unit according to the manufacturer's instructions (Foss Ltd, Warrington, UK). Volatile fatty acids (VFA) were quantified in a Shimazdu GC-2010 gas chromatograph (Shimadzu, Milton Keynes, UK), using a flame ionization detector and a capillary column type SGE BP-21.
Materials and methods

Feedstock
Biogas composition (CH 4 and CO 2 ) was determined using a Varian star 3400 CX Gas
Chromatograph, and calibrated with a standard gas with 65 CH 4 Free ammonia nitrogen (FAN) concentrations were calculated based on temperature and pH, according to Hansen et al. [24] .
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Results and discussion
Food waste characteristics
The characteristics of the single batch of food waste used throughout the trial are shown in Table 1 . Values are closely similar to those reported elsewhere in the literature for source segregated food waste of this type [5, 25, 26] .
Digester start up (day 1 -45)
When feeding began on day 1 at an OLR of 1 g VS l -1 day -1 (Figure 1a) , all of the digesters receiving TE supplementation responded in a similar way. There was a small but distinct peak in acetic acid of 600-900 mg l -1 in the first 2-3 days, which declined by day 10 ( Figure   2 ). This was followed by a second peak in propionic acid of ~1000 mg l -1 , which in turn declined to give a total VFA concentration ≤ 500 mg l -1 by day 35. By this time the applied OLR had reached 2 g VS l -1 day -1 (Figure 1a) , with a specific methane production of around 0.42 l CH 4 g -1 VS day -1 in all digesters. Only one digester (TE-2-A) showed slightly different behaviour in terms of its VFA profile (Figure 2a) , with a higher propionic acid peak of around 1600 mg l -1 that had only fallen to around 400 mg l -1 by day 38, after which the concentration began to rise again.
It is also worth noting that during this period the pH in all digesters fell from ~8.3 to ~7.8 by day 17 (Figure 1b) , and then recovered, eventually reaching ~8.5. The total ammonia nitrogen (TAN) concentration also fell slightly from an initial value of ~1.8 g N l -1 to 1.5 g N l -1 by day 17 (Figure 1c) , then began to rise. This change is likely to reflect a period of rapid growth in the microbial population, during which the rate of nitrogen uptake into cell biomass temporarily exceeds the rate of breakdown of organic nitrogen in the feedstock to ammonia.
The increase in TAN and fall in VFA concentration were reflected in the IA/PA ratio which fell from ~0.9 to ~0.5 ( Figure 1d ). Based on the above performance parameters, by day 45 all of the digesters with the possible exception of TE-2-A were considered to be in a stable state at the base OLR of 2 g VS l -1 day -1 and to have successfully acclimated to thermophilic conditions with a specific methane production of around 0.40 l CH 4 g -1 VS day -1 (Figure 1e ).
In the two digesters without TE addition the pattern of VFA accumulation was slightly different, as the early increase in propionic acid did not return to a baseline value. This was especially pronounced in one of the pair of digesters, which showed no fall in VFA concentration ( Figure 2g and h); in the second digester of the pair there was a reduction in propionic acid to ~800 mg l -1 between days 30-40, after which the increase in concentration resumed. In all other respects, including specific methane production, acclimatisation of these digesters also appeared to be successful and similar to that in the TE supplemented digesters The above results clearly indicated that trace element supplementation had a beneficial effect during the start-up phase of digestion, with a reduction in the initial accumulation of VFA.
Main experimental period (day 46 -250)
In the period following start-up TAN concentrations in all digesters increased from the initial value of ~1.8 g N l -1 to between 5-6 g N l -1 (Figure 3a) , as expected due to the high nitrogen content of the incoming feedstock. Changes in alkalinity reflected this, with TA increasing from ~8 g CaCO 3 l -1 to ~23.5 and ~19.7 g CaCO 3 l -1 in digesters with and without TE supplementation, respectively (Error! Reference source not found.b). The VS concentration rose fairly steadily from 2.6 to 3.8 g VS l -1 between day ~40-90 and VS content stabilised at around 75% of TS (Figure 3c and d) in all digesters.
TE supplemented digesters
Up until day 158, when there was a change in feeding regime, all of the TE supplemented digesters continued to operate well, with volumetric biogas production increasing in proportion to sequential load increases and specific methane production stabilising at around 0.43 l CH 4 g -1 VS day -1 (Figure 4a and b).
VFA profiles for each digester during the whole experimental run are shown in Earlier studies [1, 2] had shown that thermophilic food waste digesters could operate for long periods at even higher VFA concentrations, but may be liable to sudden failure if a change in conditions results in the buffering capacity of the system being exceeded, with a subsequent fall in pH, leading to cessation of methanogenesis and 'souring' of the digester. At day 158 therefore, feeding of all digesters was stopped to see whether they were able to reduce the total VFA concentration and how they would respond to a cessation of loading. In response to this the acetic acid concentrations fell, but there was little or no reduction in VFA of higher carbon chain lengths (Figure 5a-d) , indicating some blockage in this metabolic route, and the total VFA concentration was largely unaffected (Figure 4g ). Only the digesters at OLR 3 g VS l -1 day -1 showed a fall in iso-valeric concentration of ~1 g l -1 , which was more rapid in TE-3-A than TE-3-B. by VFA [14, 28] . The pH in the fourth digester remained at ~7.5 and feeding continued at 1 g VS l -1 day -1 which allowed a short-term reduction in acetic acid concentration (TE-3-A, Figure 5a ) and some recovery in gas production and methane concentration (Figure 4a , b and c).
Feeding of the digesters at OLR 2 g VS l -1 day -1 was also stopped on day 158 but was restarted after 3 days, and both digesters initially responded by resuming gas production as before. In the digester with the higher VFA accumulation (TE-2-A, Figure 5e It is interesting to note that until day 158 these digesters were continuing to function well in terms of specific and volumetric gas production despite IA/PA ratios of around 1. This supports view that an IA/PA ratio of 0.9 should be regarded as the upper limit for stability [29] , rather than the 0.3 originally proposed [23] . This ratio will depend on the buffering capacity in a digester, and it is likely that the high TAN concentrations are themselves able to buffer a higher VFA concentration before the pH falls to a level at which methanogenesis is inhibited. Despite the slow accumulation of VFA, it is clear that there is a steady flow of carbon through to gaseous products, equivalent to a typical specific methane yield for the feedstock. It appears, however, that the digesters are in a meta-stable condition rather than in a fully stable operational state.
Digesters without TE supplementation
In contrast to the TE supplemented digesters, specific methane production in the unsupplemented digesters started to decrease from about day 70, and by day ~140 was falling rapidly (Figure 4b) , with an IA/PA ratio above 1. Digester noTE-2-A showed an almost continuous rise in VFA concentration from the start of feeding, while digester noTE-2-B again showed an intermediate profile with some similarity to that of the TE supplemented digesters (Figure 5h ). In both cases, however, the rates of VFA accumulation in the unsupplemented digesters (132 and 175 mg l -1 day -1 in noTE-2-A and noTE-2-B, respectively) were considerably higher than in the TE supplemented digesters at the same OLR (88 and 88 mg l -1 day -1 in TE-2-A and TE-2-B, respectively) ( Figure 6 ).
On cessation of feeding on day 158 the acetic acid concentration in both unsupplemented digesters fell, causing a fall in total VFA. The response to resumption of feeding at a reduced OLR of 1 g VS l -1 day -1 was the same as in the TE supplemented digesters, however, with a sharp rise in acetic acid concentration (Figure 5g and h) and in IA/PA ratio and a dramatic fall in pH (Figure 4e and f) . After feeding stopped around day 210 no reduction in VFA concentrations occurred.
Overall discussion
It is clear from the above results that while the addition of trace elements did delay the onset of propionic acid accumulation and reduce the rate of VFA accumulation, it was unable to prevent it at the TE concentrations used. It is therefore unlikely that a population change occurs within the digester that allows the system to operate at elevated TAN concentrations, as appears to be the case in mesophilic systems. This is supported by other work showing that mesophilic anaerobic digestion recovered from acidification after adding Ni, Co, and Fe of 0.04, 0.16, and 5.2 mg l -1 of organic solid waste; whereas this did not work with thermophilic anaerobic digestion [30] . The bioavailability of the trace elements present was not checked in the current work, but this may be critical [31] , and may differ under mesophilic and thermophilic conditions. Qiang et al. [32] identified the trace element requirements (Ni, Co, Fe) for stable thermophilic digestion of low nitrogen food waste, with digester ammonia concentrations below 1200 mg N l -1 . In the current study the detrimental effects of ammonia appeared to become evident at around 2500 mg N l -1 (FAN ~1100 mg N l -1 ). This is below the inhibitory TAN concentration observed in mesophilic digesters operating on the same substrate [1] , but corresponds to the FAN inhibition threshold found e.g. by Hansen et al. [24] . This threshold may also reflect the degree of acclimation of the inoculum to high ammonia concentrations: Hashimoto [33] observed that ammonia inhibition began at about 
Conclusions
Digestion of food waste results in high concentrations of ammonia that can lead to the accumulation of volatile fatty acids, but previous research has shown that under mesophilc conditions this problem can be resolved by the addition of a specific combination of trace elements. In thermophilic digestion this did not appear to be the case: apart from a slight delay in the onset of VFA accumulation and a lower rate of accumulation in TE supplemented digesters, little difference was observed between digesters receiving or not receiving TE supplementation. Good volumetric and specific gas productions were observed for a period of ~70 days in non-supplemented and ≥ 158 days in TE supplemented digesters, despite the increasing VFA concentrations. All of the digesters appeared to be working in a meta-stable state, however, and were sensitive to small changes in operational conditions (in this case an interruption in feeding), which led to a rapid rise in the IA/PA ratio, pH reduction and cessation of gas production. 
